Abstract-Based on a diode coupled silicon carbide field effect transistor with platinum as catalytic gate material, the influence of dynamic temperature modulation on the selectivity of GasFETs has been investigated. This operating mode, studied intensively for semiconductor gas sensors, is applied for the first time with gas sensors based on the field effect. A suitable T-cycle for detection of typical exhaust gases (CO, NO, C 3 H 6 , H 2 , NH 3 ) was developed and combined with appropriate signal processing based on multivariate statistics, e.g. linear discriminant analysis (LDA). Measurements have proven that several gases can be discriminated based on T-cycle data. Furthermore, quantitative determination of gases is also possible. In addition to varying the measurement conditions (e.g. background oxygen) experiments regarding stability and reproducibility were also carried out. Based on these preliminary studies the performance of field effect gas sensors can be enhanced considerably by T-cycling.
INTRODUCTION
Along with the debate about climate change, it has become more and more important to control the emissions of environmentally hazardous and greenhouse gases, e.g. from cars or other combustion processes. Thus, small, fast and especially cheap sensors have become of interest but the demands on the sensor/sensor system are pretty high. For instance, in the automotive industry for a continuous monitoring of the emissions from cars a sensor response in the order of milliseconds [1] is necessary; in addition, the sensor has to withstand harsh environments with high temperatures and corrosive atmospheres.
The semiconductor silicon carbide (SiC) is a suitable material for realizing sensors for these kinds of applications. A wide band gap of 3.2 eV in the case of 4H silicon carbide allows operating temperatures up to 800°C without losing its semi-conductive behavior. And the high chemical inertness of SiC allows application in harsh environments. Various different types of SiC based sensors have been suggested in the last years like MOS capacitors and Schottky diodes. The advantages of both types can be combined in a field effect transistor (FET). Using a catalytic gate material like palladium, platinum or iridium the device can be made gas sensitive [2] . Metal insulator silicon carbide field effect transistors (MISiC FET), especially, seem to be suitable candidates for emission control and on board diagnostics (OBD) [3] . Besides hydro carbons (HC) and carbon monoxide (CO) as typical exhaust gases, detection of ammonia (NH 3 ) has received increasing interest since the introduction of selective catalytic reduction (SCR) of nitrogen oxides (NO x ) in diesel engines [4, 5] . Another possible automotive application of a MISiC FET is as a lambda-sensitive device for enhancing catalytic converter [6] . For these applications, it was reported that the sensor response time of a MISiC FET is below 100 ms for ammonia exposure (at 300°C) and below 20 ms for hydrogen (at 550°C) which exceeds requirements considerably [1] . The MISiC FET is also commercialized as a sensor system for control of domestic boilers [7, 8] .
However, measuring and discriminating exhaust gases are still challenging tasks due to similar reactions of the sensor to various gases. In the last years, much effort has been spent on increasing the selectivity of the sensors by finding new materials, material compositions or sensor setups.
The lack of selectivity and poor long time stability is a widespread drawback of chemical sensors. In many cases, sensor arrays offer better selectivity but lead to increasing costs as well as further reduced stability. For semiconductor (SC) gas sensors it was shown that temperature cycling is a powerful approach for increasing both selectivity and stability of the sensor [9] . The most promising technique is an oscillating heater voltage covering a broad temperature range [10] . In reviews by Lee et al. [11] and Sears et al. [12, 13] good summaries of some advantages of a T-cycle operation mode, are given. An oscillating sensor temperature leads to a unique signature for each gas due to different rates of reaction of and sensor response to various gases. Furthermore, a low operating temperature, while achieving high sensitivity for some gases like CO, often causes an incomplete reaction on the sensor surface and thus an accumulation of incompletely oxidized components which requires periodic heating up to higher temperatures to clean the surface. And, the sensitivity can be improved because for each gas there is a specific temperature corresponding to a maximum of the sensor response.
The T-cycle mode makes a more comprehensive signal processing necessary. The obtained multi-dimensional data are usually evaluated by pattern recognition techniques, e.g. by principal component analysis (PCA) or linear discriminant analysis (LDA) [14] . A system based on a single gas sensor (or at least a few) run by dynamic temperature modulation and pattern recognition afterwards is sometimes called a virtual multisensor [15] .
In this paper, dynamic temperature modulation is applied to MISiC FET gas sensors for the first time.
II. EXPERIMENTAL

A. Sensor device
The device used in this work is based on the MOSFET technology with SiC as substrate material. A schematic drawing is shown in Fig. 1a . As can be seen in the figure the gate and drain contacts of the device are connected in order to get a simple two-terminal device. The transistor is operated at a constant current of 100 µA and the resulting drain/gate to source voltage is normally about 2.5 -4.5 V and defined as the sensor signal. This voltage drop is influenced by the attendance of various reducing and oxidizing gases. The response mechanism for hydrogen containing gases is mainly based on hydrogen forming on the insulator surface at the metal insulator interface [2, 16] . Non-hydrogen containing dipole gases like CO and NO may also directly form dipoles or charged species on uncovered patches of the insulator [17, 18] .
The sensors were processed on n-type SiC wafers and divided into single chips holding three sensors (diode-coupled transistors) and one test structure (not used in this project). The chip size is 2.1 by 1.9 mm 2 . The device was designed and fabricated at Linköping University in cooperation with Chalmers Institute of Technology in Gothenburg, Sweden. The catalytic gate material is a porous film of platinum which was deposited by sputter-deposition in an argon atmosphere.
The sensor chip is glued together with a Pt-100 temperature sensor on a ceramic heater (Heraeus [19] ) and mounted on a 16-pin holder as shown in Fig. 1b, c. 
B. Temperature cycle
Our selected temperature cycle covers a temperature range from 100°C to 330°C which approximately matches to the points of maximal sensitivity of the used gases. The T-cycle is shown in Fig. 2 . To allow dynamic temperature modulation the operating temperature is set using a PID control implemented in a microcontroller. The cycle consists of a ramp and some steps so that the resulting length is 35.6 s.
C. Used gases
The gases used in this project are typical for automotive or power plant exhausts. Since introducing SCR systems the detection of NH 3 has become of interest and is therefore investigated as well. For almost all the measurements five gases (H 2 , CO, NO, C 3 H 6 and NH 3 ) with four concentrations per gas are applied to the sensor. The flow over the sensor was 100 ml/min and the gas exposure of each concentration was 1800 s. Figure 3 visualizes the dynamic sensor response. That means for each gas one typical cycle is shown. First, the raw data coming from the sensor has been normalized. We used an established normalization for SC gas sensors. The normalization is done by dividing through the mean value of Applied temperature cycle comparing the temperature setpoints (red squares) and the actual temperature as measured by the Pt-100 (black triangles). the whole cycle which reduces effects of sensor drift (e.g. baseline drift) and results in better stability [9] .
III. SIGNAL PROCESSING
Doing pattern recognition for evaluating the obtained and normalized sensor data (e.g. by the LDA) it is important to find significant features which describes the shape of the sensor signal quite well (for an excellent review see [20] ). Due to that, the applied T-cycle is divided into seven intervals in which the mean value and the slope are calculated and extracted as features for the LDA. It can easily be observed that the sensor response changes characteristically with the different gas exposures.
IV. RESULTS AND DISCUSSION
All measurements presented in this paper were done in nitrogen atmosphere, sometimes with admixture of oxygen, since the intention of this work is method development and not application specific.
A. Influence of background oxygen
In a first step, the influence of background oxygen was investigated. Figures 4a, b show the quasi static sensor reaction. The expression "quasi static" means that from each T-cycle of the whole measurement only one sampling point at a specific temperature is investigated over the whole measurement. In these figures, temperature levels of 100°C, 220°C and 330°C are shown. It can be observed that without oxygen in the background (Fig. 4a ) the sensor signal decreases for all investigated gases except for NO. Compared to the sensor response in oxygen atmosphere (Fig. 4b) the response is much stronger in pure nitrogen. It is interesting that the sensor reaction for NH 3 and C 3 H 6 changes its sign when oxygen is present. This can be explained by the sensing mechanism now being dominated by the reaction of the gas with adsorbed oxygen and spill-over effects [2, 16] . 
By looking at the results coming from the linear discriminant analysis one can say a separation of these typical exhaust gases works pretty well (Fig. 4c, d) . Especially, the temperature reaction to hydrogen and ammonia is quite different from the other gases (CO, NO and C 3 H 6 ). Comparing the results in nitrogen to the measurement with background oxygen, the distribution of the classes is not affected greatly. Only the group for C 3 H 6 exposure is shifted in the direction of the NH 3 group.
B. Quantitative Analysis
In addition to the separation of single gases, a quantitative analysis was carried out as well. That involves focusing the LDA only on different concentrations of one particular gas. In Fig. 5a the results of the LDA for different concentrations of CO are shown. It can easily be observed that there is a good correlation between the CO concentration and the first discriminant function (DF). The calculated LDA coefficients were in a second step applied to a data obtained in pure nitrogen (respectively 0 ppm CO) and the resulting group is shown as well. Even this new class fits into the concentration proportionality of the first four groups.
In order to prove the mentioned correlation between the concentration and the first DF, the centroid of each class is fitted by a second order polynomial (Fig. 5b) obtaining an almost a linear behavior. For various applications this result is very interesting because an unknown CO concentration can thus easily be predicted only based on the value of the first DF.
C. Ammonia
According to the relevance of measuring ammonia in SCR systems, a quantitative analysis of NH 3 was also investigated. Thus, the concentration of NH 3 was increased in 25 ppm steps from 50 ppm to 225 ppm. Fig. 6a shows the correlation between the NH 3 concentration and the first discriminant function (similar to Fig. 5b) . In a second step it was checked if a prediction of unknown concentrations is possible. Due to that, only every second concentration was used to calculate the LDA coefficients. The first component of the coordinates of the resulting centroids are plotted vs. the concentration (Fig. 6b, black squares) and fitted by a second order polynomial. After that, the calculated LDA coefficients are applied to the data of the whole measurement (respectively to every concentration). The new groups are marked by red triangles. As one can see, the difference between these groups and the fitted curve is quite small. Therefore, a prediction of unknown concentrations is possible with this approach.
D. Verification of the T-cycle approach
Using pattern recognition to evaluate measurement data sometimes leads to wrong results (although they look quite well) due to an over-fitting of the extracted features, for instance due to temperature effects or other side effects while exposing the sensor to gas. In these cases the actual sensor reaction is not reflected by the features. Another important point is the use of robust features which are significant for the gas and instead of e.g. only reflecting the absolute signal. In other words, features are required describing the shape of the sensor response.
In order to check the features selected for this work, an LDA is calculated using one concentration per gas as shown earlier in Fig. 4d . Then, the obtained LDA coefficients are applied to different concentrations of e.g. C 3 H 6 ( Fig. 7 halfsolid symbols) . It can be observed that the new classes representing the different concentrations of C 3 H 6 are pretty close to the 75 ppm C 3 H 6 group used for calculating the LDA. Therefore, the selected features actually represent the characteristics of the gas and not e.g. the absolute sensor signal or other side effects. With this, the use of temperature cycling as a suitable operation mode for MISiC FET is proven.
E. Stability and Reproducibility
When working with chemical sensors there is always the question about stability and reproducibility because these are main drawbacks of many sensors.
In this context the expression "stability" means how the sensor response changes over time. This has been investigated by a long measurement with NH 3 and H 2 exposures at three points in time with 8 hour breaks in between. The measurement protocol is shown in the upper part of Fig. 8 . The carrier gas nitrogen is also defined as an additional group, also at three points in time. Results coming from the LDA trained to discriminate all nine classes are shown in the lower part of Fig. 8 . Obliviously, the different gases are separated by the first discriminant function while the second DF discriminates the different points in time, i.e. reflecting the sensor drift. The groups corresponding to the first gas exposure are apart from the second and third while the groups of the last two exposures show considerable overlap. Thus, the sensor needs some time to run in and is quite stable after this period.
Reproducibility was checked by repeating measurements with different H 2 concentrations after one week under nearly identical conditions. The original measurement was evaluated by LDA (Fig. 9, open symbols) and the resulting LDA coefficients were applied to the data of the repeat measurement (Fig. 9, half-solid symbols) .
There is a small shift visible between the original groups and the new ones obviously caused by sensor drift. In this case, the shift is homogenous, i.e. all groups are shifted to the right along DF 1 and a recalibration as reported in [21] should be possible to eliminate this shift. 
V. CONCLUSION AND OUTLOOK
The purpose of this paper was to study the influence of dynamic temperature modulation applied to MISiC FET gas sensors for the first time. Measurements with typical exhaust gases under laboratory conditions using this approach, originally applied to semiconductor gas sensors, have also shown good results with a Pt-gate MISiC FET, so that an improvement of selectivity and stability can be achieved.
In a first step a suitable T-cycle for the detection of exhaust gases (C 3 H 6 , NO, CO and H 2 ), as well as ammonia, was developed and significant features to describe the sensor signal were defined. Linear discriminant analysis (LDA) as a pattern recognition tool turned out to be suitable for evaluation of the measurement data. Both qualitative analysis for discrimination of individual gases as well as quantitative determination of gas concentrations with prediction of unknown concentrations have been demonstrated. Background oxygen influences the sensor signal much but the characteristic pattern can still be used for evaluation.
Furthermore, we have shown that different gases can be identified characteristically using the extracted features and small changes of the gas concentration do not influence the discrimination of the gases.
In the future, we will expand the work with dynamic temperature modulation applied to gas sensors based on the field effect. We will use some further types of FETs and different T-cycles to expand these first results. original measurement, half-solid: repetition after 1 week.
